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Abstract 

Less is known about the roles of c-Jun N-terminal kinase (JNK) in cholangiocarcinoma (CCA). Here, we report that JNK exerts 
its oncogenic action in human CCA cells, partially due to the mammalian target of rapamycin (mTOR) pathway regulated 
glucose-regulated protein 78 (GRP78) induction. In human CCA cells, the phosphorylation of eukaryotic initiation factor 
alpha (elF2a) results in the accumulation of activating transcription factor 4 (ATF4) and GRP78 independent of unfolded 
protein response (UPR). Suppression of GRP78 expression decreases the proliferation and invasion of human CCA cells. It's 
notable that mTOR is required for elF2a phosphorylation-induced ATF4 and GRP78 expression. Importantly, JNK promotes 
elF2a/ATF4-mediated GRP78 induction through regulating the activity of mTOR. Thus, our study implicates JNK/mTOR 
signaling plays an important role in cholangiocarcinogenesis, partially through promoting the elF2a/ATF4/GRP78 pathway. 
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Introduction 

Cholangiocarcinoma (CCA) is a malignancy that arises from the 
malignant transformation of the epithelial cells of the intrahepatic 
or extrahepatic bile ducts. CCA has very poor prognosis and is 
extremely aggressive with restricted treatment options [1,2,3,4]. 
CCA often arises from background conditions that cause long- 
term bile duct inflammation, chronic bile duct injury and 
reparative biliary epithelial cell proliferation [1,2,3,5,6,7,8]. The 
pathogenesis of CCA is poorly understood. It is known that 
inhibition the proliferation and invasion of malignant biliary 
epithelial cells is a potential strategy for the treatment of CCA. In 
fact, littie is known about the molecular mechanism controlling the 
proliferation and invasion of CCA cells. Elucidation of intracel- 
lular proliferation and invasion events is very important in that it 
will contribute to the development of potential therapeutic strategy 
for the treatment of CCA. 

Glucose-regulated protein 78 (GRP78) is an essential regulator 
of endoplasmic reticulum (ER) homeostasis due to its essential 
roles in protein folding and calcium homeostasis regulating 
[9,10,1 1,12,13,14]. Recent studies have firmly established the role 
of GRP78 in the development and progression of cancer 
[15,16,17,18,19,20]. GRP78 is induced in a wide variety of 
cancer cells and cancer biopsy tissues. Recent progress establishes 
that GRP78 is preferably required for cancer cell survival under 



pathologic conditions [17,20,21,22]. GRP78 is a promising target 
for treatment of cancer. However, whether GRP78 is involved in 
human CCA remains to be elucidated. 

c-Jun N-terminal kinases (JNK), an evolutionarily conserved 
mitogen-activated protein kinase (MAPK), plays an important role 
in converting extracellular stimuli into a wide range of cellular 
responses, including inflammatory response, stress response, 
differentiation, and survival [23,24,25,26,27,28,29,30,31], JNK 
can suppress the progress of cancer by negative regulation of cell 
cycle, and by induction of cancer cells apoptosis [32,33,34,35]. 
JNK also exerts its oncogenic action through promoting inflam- 
mation, proliferation, invasion, and angiogenesis [32,36,37]. A 
recent report indicates that inhibiting JNK enhances TGF-R- 
induced apoptosis of CCA cells, which suggests the link between 
JNK and CCA [38] . At present, little is known about the role and 
mechanism of JNK in cholangiocarcinogenesis. Thus, it is 
necessary to uncover the function of JNK in CCA. 

In the present study, we aimed to explore the function and 
mechanism of JNK in CCA. We found strong expression of 
phosphorylated JNK and GRP78 in human CCA cells. Addition- 
ally, our data reveal that both JNK and GRP78 are important for 
the proliferation and invasion of human CCA cells. In human 
CCA cells, eukaryotic initiation factor-alpha (eIF2ot)/ activating 
transcription factor 4 (ATF4) signaling contributes to the 
accumulation of GRP78. Interestingly, JNK maintains high 
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expression of GRP78 through promoting the activation of the 
mammalian target of rapamycin (mTOR) pathway. Taken 
together, our findings suggest that GRP78 contributes to the 
pro-tumorigenic function of JNK in human CCA cells. 

Materials and Methods 

Ethics statement 

Human tissues were obtained from the Affiliated Hospital of 
Luzhou Medical College. This study has been approved by the 
Luzhou Medical College Ethical Committee. The approval for the 
use of these specimens with a waiver of consent was granted by the 
Luzhou Medical College Institutional Review Board. 

Chemicals and antibodies 

JNK inhibitor SP600125 (SP), eIF2oc phosphatase enzymes 
inhibitor salubrinal (Sal) and mTOR inhibitor rapamycin (Rap) 
were purchased from Tocris Bioscience (Bristol, UK). p70S6K 
inhibitor PF-470867 1 (PF) was purchased from Selleck Chemicals 
(Houston, TX, USA). AP-1 inhibitor curcumin, cell counting kit-8 
(CCK8) and ER stress inducer tunicamycin (Tun) were purchased 
from Sigma (Lyon, France). The eIF4E/eIF4G interaction 
inhibitor 4EGI-1, mTOR siRNA, GFP siRNA, JNK siRNA, 
GRP78 siRNA, ATF4 siRNA and antibodies against GRP78, 
eIF2cn and (3-actin were purchased from Santa Cruz Biotechnol- 
ogy (Heidelberg, Germany). Antibodies against phospho-eIF2a 
(Ser-51), phospho-p70S6K (Thr-389), phospho-mTOR (Ser- 
2448), phospho-Raptor (Ser-863), phospho-c-Jun (Ser-73), phos- 
pho-JNK (Thr-183/Tyr-185), phospho-4E-BPl (Thr-37/46), 
p70S6K, mTOR, Raptor, c-Jun, JNK, 4E-BP1 and ATF4 were 
purchased from Cell Signaling Technology (Danvers, MA, USA). 

Cell culture and treatments 

Human CCA cell lines QBC939, RBE and HCCC-9810 and 
hepatocellular carcinoma cell line HepG2 were obtained from 
ATCC. QBC939, RBE and HCCC-9810 cells were cultured in 
RPMI-1640 medium, and HepG2 cells were cultured in 
Dulbecco's modified Eagle's medium supplemented with 10% 
fetal bovine serum and 1 % penicillin/streptomycin in a humidified 
incubator containing 5% C0 2 and 95% ambient air at 37°C. The 
protocol used for GRP78, JNK, ATF4 and mTOR knockdown 
has been previously described [39]. 

Western blot analysis 

Cells were lysed in Triton lysis buffer (20 mM Tris, pH 7.4, 
137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 

1 mM PMSF, 10 mM sodium fluoride, 5 mg/ml of aprotinin, 
20 mM leupeptin, and 1 mM sodium orthovanadate) and 
centrifuged at 12,000 g for 15 minutes. Protein concentrations 
were measured using the BCA assay. Protein samples were 
denatured with 4xSDS-loading buffer (200 mM Tris, pH 6.8, 8% 
SDS, 400 mM DTT, 0.4% bromphenol blue, 40% glycerol) at 
100°C for 5 minutes and subjected to standard SDS-PAGE and 
Western blot analysis as previously described [7]. 

Cell counting kit-8 assay 

Cells were trypsinized and seeded at 3 x 10 cells/well in 96-well 
plates. After 24 h, cells were treated with various doses of 
inhibitors or were transfected with siRNA for indicated time 
periods. Then, 20 ul of CCK8 solution (5 g/1) in phosphate 
buffered saline (PBS) was added. After incubated for an additional 

2 h, the absorbance value in each well was measured using a 
microculture plate reader (Bio-Tek, USA) at a wavelength of 
490 nm. 



Cell migration and invasion assay 

Cells were transferred to 24-well Transwell chambers (Costar, 
Corning, NY). For migration assay, cells were seeded in the upper 
Transwell chamber at 1x10' cells/ well. For the invasion assay, 
cells were seeded in the upper Matrigel-coated Transwell chamber 
at 2x10' cells/well. After incubation at 37°C for indicated time 
periods, migrated and invaded cells were fixed in 95% ethanol, 
stained with a solution of 2% crystal violet in 70% ethanol, and 
counted under an inverted microscope. Three fields were 
randomly chosen and the numbers of migrated and invaded cells 
were counted. 

Reverse transcription reaction and real-time PCR 

Total RNA was isolated with TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's instructions. 
The reverse transcription reactions were carried out using the 
M-MLV reverse transcriptase (Promega, Madison, WI, USA) 
according to the manufacturer's protocol. Results were normalized 
with 18S. Real-time PCR analyses were performed using SYBR 
Premix Ex Taq (TaKaRa, Tokyo, Japan). The primers used in this 
study are as follows: human XBP1 sense primer, 5'-CCT TGT 
AGT TGA GAA CCA GG-3' and antisense primer, 5'-GGG 
GCT TGG TAT ATA TGT GG-3'; human GRP78 sense 
primer, 5'-ATC ACG CCG TCC TAT GTC GC-3' and 
antisense primer, 5'-TCT CCC CCT CCC TCT TAT CC-3'; 
human ATF4 sense primer, 5'-GTA ACC GAC AAA GAC ACC 
TT-3' and antisense primer, 5'-TTT CTC CAA CAT CCA ATC 
TG-3'; human 18S sense primer, 5'-GGG AGG TAG TGA CGA 
AAA AT-3' and anti-sense primer, 5'-ACC AAC AAA ATA GAA 
CCG CG-3'. 

Statistical analysis 

Results were expressed as the mean±SD. Statistical analysis was 
performed using Student's t test. A P value of less than 0.05 was 
considered statistically significant. 

Results 

JNK promotes the proliferation and invasion of human 
CCA cells 

To investigate the role of JNK in CCA, we first examined the 
expression of phosphorylated JNK and its downstream target 
phosphorylated c-Jun in human CCA cells. As shown in Figure 1 A, 
QBC939, RBE and HCCC-9810 cells showed strong expression of 
phosphorylated JNK and phosphorylated c-Jun. SP600125, a 
selective inhibitor of JNK, inhibited the phosphorylation of c-Jun 
in a dose-dependent manner in QBC939, RBE and HCCC-9810 
cells (Figure IB), indicating that SP600125 can effetely inhibit the 
activity of JNK in human CCA cells. In order to determine the 
effects of JNK on human CCA cells proliferation and invasion, we 
treated QBC939, RBE and HCCC-9810 cells with various doses 
of SP600125 for indicated time periods. SP600125 inhibited the 
proliferation of human CCA cells in a dose- and time-dependent 
manner (Figure 1C). Furthermore, migration (Figure ID) and 
invasion (Figure IE) of human CCA cells were significandy 
suppressed by SP600125. These data indicate that aberrant 
activation of JNK signaling plays an important role in the 
pathogenesis of CCA. 

GRP78 promotes the proliferation and invasion of human 
CCA cells 

To investigate the role of GRP78 in CCA, we tested the 
expression of GRP78 in human CCA cells. As shown in Figure 2A, 
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Figure 1. JNK promotes human CCA cells proliferation and invasion. (A) Western blot analysis of phosphorylated JNK and phosphorylated 
c-Jun in human CCA cells. (B) SP600125 (SP) inhibits JNK activity in human CCA cells. After treated with various doses of SP600125 (SP) for 12 h, 
phosphorylated c-Jun in QBC939, RBE and HCCC-9810 cells was analyzed using western blot. (C) JNK blocking inhibits human CCA cells proliferation. 
QBC939, RBE and HCCC-981 0 cells were treated with various doses of SP6001 25 (SP) for indicated time periods. Cell viability was determined by CCK8 
assay. (D and E) JNK blocking suppresses human CCA cells migration and invasion. Human CCA cells were treated with SP600125 (SP, 20 |iM) for 24 h 
before transferring to 24-well transwell chambers. The migration (D) and invasion (E) of QBC939, RBE and HCCC-9810 cells with or without SP600125 
(SP, 20 p,M) treatment were analyzed using transwell assay. Values are means±S.D. Columns, mean of three individual experiments; bars, SD. 
'Significantly different from control value. 
doi:1 0.1 371 /journal.pone.0090388.g001 



QBC939, RBE and HCCC-9810 ceUs showed strong expression of 
GRP78. Tunicamycin-treated HepG2 cells were used as positive 
control. Given that both GRP78 induction and X-box binding 
protein 1 (XBP1) mRNA splicing are well-known biomarkers of 
the activation of unfolded protein response (UPR) [10,11,40,41], 
spliced XBP1 mRNA was tested in human CCA cells. As shown in 



Figure 2B, the expression of spliced XBP1 mRNA was not 
detected in QBC939, RBE and HCCC-9810 cells. Tunicamycin- 
treated QBC939 cells were used as positive control. As the 
phosphorylation of eIF2ot can induce GRP78 expression through 
activating transcription factor 4 (ATF4) independent of UPR 
elements [42], the eIF2ot/ATF4 pathway was investigated in 



PLOS ONE | www.plosone.org 



3 



February 2014 | Volume 9 | Issue 2 | e90388 



JNK Sustains High Expression of GRP78 



human CCA cells. Western blot analysis revealed strong expres- 
sion of ATF4 and phosphorylated eIF2oc in QBC939, RBE and 
HCCC-9810 cells (Figure 2C). The selective inhibitor of eIF2oc 
phosphatase enzymes, salubrinal-treated HepG2 cells were used as 
positive control. Furthermore, ATF4 knockdown decreased the 
levels of GRP78 in human CCA cells (Figure 2D). Taken together, 
these results suggest that the eIF2oc/ATF4 pathway, but not UPR, 
is responsible for the accumulation of GRP78 in human CCA 
cells. 

To confirm the tumorigenic role of GRP78 in human CCA 
cells, QBC939, RBE and HCCC-9810 cells were transfected with 
siGRP78 for indicated time periods. Compared with siGFP, 
siGRP78 inhibited the proliferation of human CCA cells in a time- 
dependent manner (Figure 3A). Furthermore, migration 
(Figure 3B) and invasion (Figure 3C) of QBC939, RBE and 
HCCC-9810 cells were significantly suppressed by GRP78 
knockdown. The effects of siGRP78 on GRP78 suppression were 
confirmed by western blot (Figure 3D). Thus, GRP78 is a potent 
promoter of proliferation and invasion in human CCA cells. 

JNK maintains high levels of GRP78 in human CCA cells 

GRP78 has been previously shown to be induced by the JNK 
pathway through activator protein- 1 (AP-1) upon lead treatment 
[43]. To investigate the association between JNK and GRP78, the 
effects of JNK inhibition on GRP78 accumulation were tested. It is 
notable that JNK inhibitor SP600125 treatment decreased the 
levels of GRP78 in a time-dependent manner in QBC939, RBE 
and HCCC-9810 cells (Figure 4A). Moreover, suppression the 
expression of JNK also decreased GRP78 accumulation in human 
CCA cells (Figure 4B). However, we found that AP-1 inhibitor 
curcumin had no demonstrable effects on GRP78 accumulation in 
human CCA cells (Figure SI), which indicating JNK regulates 
GRP78 independent of AP-1 in our study. To further confirm the 
role of JNK in regulating eIF2ot-mediated GRP78 induction, 
HepG2 cells were used in our study. As shown in Figure 4C, 
SP600125 pretreatment inhibited eIF2ot phosphatase enzymes 
inhibitor, salubrinal-induced GRP78 expression in HepG2 cells. 
These data indicate that JNK plays an important role in the 
accumulation of GRP78 upon the phosphorylation of eIF2a. 



We addressed whether JNK participates in regulating the 
accumulation of GRP78 upon the activation of UPR. The levels of 
GRP78 were measured in HepG2 cells upon UPR inducer 
tunicamycin treatment. The data showed that JNK inhibitor 
SP600125 pretreatment had no demonstrable effects on tunica- 
mycin-mediated GRP78 induction in HepG2 cells (Figure 4D). 
Taken together, these results suggest that JNK is involved in 
regulating eIF2a/ATF4-induced, but not UPR-induced GRP78 
accumulation. 

JNK maintains high levels of GRP78 through the mTOR 
pathway in human CCA cells 

It is known that the mTOR pathway, a crucial mediator of 
tumor progression, can be activated by JNK [44,45,46]. We 
therefore studied whether JNK regulates the mTOR pathway in 
human CCA cells. We found that JNK inhibitor SP600125 
decreased the levels of phosphorylated ribosomal protein kinase S6 
(p70S6K) (Figure 5A). Moreover, suppression of JNK expression 
also decreased the levels of phosphorylated p70S6K in human 
CCA cells (Figure 5B). As p70S6K is a downstream target of 
mTOR, we suggest that JNK has a crucial role in sustaining the 
activity of mTOR in human CCA cells. The mTOR pathway has 
been shown to be regulated by JNK through regulatory-associated 
protein of mTOR (Raptor) [45,46]. To make sure whether JNK 
regulates mTOR signaling through Raptor in human CCA cells, 
the effects of JNK inhibition on the phosphorylation of mTOR 
and Raptor were investigated. The results showed that inhibition 
of JNK had no effects on the phosphorylation of mTOR in 
QBC939, RBE and HCCC-9810 cells (Figure 5C). Interestingly, 
JNK inhibitor SP600125 decreased the levels of phosphorylated 
Raptor in QBC939, RBE and HCCC-9810 cells (Figure 5D). As 
JNK inhibition decreased the phosphorylation levels of mTOR 
downstream targets, including p70S6K (Figure 5A) and eukaryotic 
translation initiation factor 4E-binding protein 1 (4E-BP1) 
(Figure 5D), it is reasonable to suggest that JNK regulates the 
activity of mTOR through Raptor in human CCA cells. 

We investigated whether mTOR participates in regulating the 
accumulation of GRP78 in human CCA cells. The levels of 
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Figure 2. elF2a/ATF4 induces GRP78 accumulation in human CCA cells. (A) Western blot analysis of GRP78 in human cholangiocarcinoma 
cells. DMSO- and tunicamycin (Tun, 2.0 ug/ml)-treated HepG2 cells were used as negative and positive control, respectively. (B) RT-PCR analysis of 
spliced XBP1 mRNA in human CCA cells. Tunicamycin (Tun, 2.0 ug/ml)-treated QBC939 cells were used as positive control. (C) Western blot analysis of 
phosphorylated elF2ot and ATF4 in human CCA cells. Salubrinal (Sal, 25 |iM)-treated HepG2 cells were used as positive control. (D) After transfected 
with ATF4 siRNA for 60 h, QBC939, RBE and HCCC-9810 cells were subjected to western blot analysis. 
doi:1 0.1 371 /journal.pone.0090388.g002 
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Figure 3. GRP78 promotes human CCA cells proliferation and invasion. (A) GRP78 suppression inhibits human CCA cells proliferation. 
QBC939, RBE and HCCC-9810 cells were transfected with siGRP78 for indicated time periods. Cell viability was determined by CCK8 assay. (B and C) 
GRP78 suppression inhibits human CCA cells migration and invasion. To knockdown GRP78, human CCA cells were transfected with siGRP78 for 36 h 
before transferring to 24-well transwell chambers. The migration (B) and invasion (C) of QBC939, RBE and HCCC-9810 cells with or without siGRP78 
treatment were analyzed using transwell assay. (D) The effects of siGRP78 on GRP78 suppression were measured using western blot. Values are 
means±S.D. Columns, mean of three individual experiments; bars, SD. 'Significantly different from control value. 
doi:1 0.1 371 /journal.pone.0090388.g003 



GRP78 were measured in mTOR inhibitor rapamycin-treated 
human CCA cells. Figure 6A showed that rapamycin decreased 
the levels of GRP78 in QBC939, RBE and HCCC-9810 cells in a 
time-dependent manner. Moreover, suppression the expression of 
mTOR also decreased the levels of GRP78 in QBC939, RBE and 
HCCC-9810 cells (Figure 6B). To further confirm the role of 
mTOR in regulating eIF2ot-initiated GRP78 induction, HepG2 
cells were treated with salubrinal with or without rapamycin 
preincubation. The data showed that rapamycin inhibited GRP78 
induction upon salubrinal treatment (Figure 6C). It is notable that 
rapamycin had no demonstrable effects on tunicamycin-induced 
GRP78 expression in HepG2 cells (Figure 6D). These findings 



indicate that JNK suppresses eIF2oc-initiated GRP78 induction 
through mTOR inhibition. 

JNK/mTOR regulates GRP78 induction through ATF4 in 
human CCA cells 

Since ATF4 is required for GRP78 induction upon eIF2ot 
phosphorylation [42], we tested the effect of JNK inhibition on the 
levels of ATF4 expression. As shown in Figure 7A, the levels of 
ATF4 were obviously decreased by JNK blocking in human CCA 
cells. However, JNK blocking had no effects on the phosphory- 
lation of eIF2ot (Figure 7A). Importantly, rapamycin treatment 
suppressed the expression of ATF4 without affecting the 
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Figure 4. JNK maintains high levels of GRP78 in human CCA cells. (A) After treated with SP600125 (SP, 20 |iM) for indicated time periods, 
GRP78 was analyzed using western blot in QBC939, RBE and HCCC-9810 cells. (B) After transfected with siJNK for 60 h, GRP78 was analyzed using 
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analyzed using western blot. (C) After treated with SP600125 (SP, 20 |iM) for indicated time periods, phosphorylated mTOR in QBC939, RBE and 
HCCC-981 0 cells was analyzed using western blot. (D) After treated with SP6001 25 (SP, 20 |iM) for indicated time periods, phosphorylated Raptor and 
phosphorylated 4E-BP1 in QBC939, RBE and HCCC-9810 cells were analyzed using western blot. 
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Figure 6. mTOR controls GRP78 synthesis in human cholangiocarcinoma cells. (A) After treated with rapamycin (Rap, 20 nM) for indicated 
time periods, GRP78 in QBC939, RBE and HCCC-9810 cells was analyzed using western blot. (B) After transfected with simTOR for 60 h, GRP78 in 
QBC939, RBE and HCCC-9810 cells was analyzed using western blot. (C) After treated with salubrinal (Sal, 25 pM) for 30 h with or without rapamycin 
(Rap, 20 nM) preincubation for 1 h, GRP78 was analyzed using western blot in HepG2 cells. (D) After treated with tunicamycin (Tun, 2.0 pg/ml) for 
24 h with or without rapamycin (Rap, 20 nM) preincubation for 1 h, GRP78 in HepG2 cells was analyzed using western blot. 
doi:1 0.1 371 /journal.pone.0090388.g006 



phosphorylation of eIF2ot (Figure 7B). The data indicated that 
JNK/mTOR signaling regulates GRP78 induction through 
ATF4. To confirm the role of JNK/ mTOR signaling in regulating 
ATF4 upon eIF2ot phosphorylation, HepG2 cells were treated 
with salubrinal with or without SP600125 or rapamycin preincu- 
bation. The results confirm our hypothesis that JNK/mTOR 



signaling regulates ATF4 expression without affecting the phos- 
phorylation of eIF2ot (Figure 7C). 

Considering the role of mTOR signaling in controlling protein 
synthesis [47,48], we investigated whether the mTOR pathway- 
controlled protein synthesis is required for ATF4 and GRP78 
accumulation in human CCA cells. As shown in Figure 7D, 
eukaryotic translation initiation factor 4E/eukaryotic translation 
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Figure 7. JNK/mTOR regulates GRP78 induction through ATF4 in human CCA cells. (A) After treated with SP600125 (SP, 20 pM) for 48 h, 

ATF4 and phosphorylated elF2ot in QBC939, RBE and HCCC-981 0 cells were analyzed using western blot. (B) After treated with rapamycin (Rap, 20 nM) 
for 48 h, phosphorylated elF2ot and phosphorylated p70S6K in QBC939, RBE and HCCC-981 0 cells were analyzed using western blot. (C) After treated 
with salubrinal (Sal, 25 pM) for 30 h with or without SP600125 (SP, 20 pM) and rapamycin (Rap, 20 nM) preincubation for 1 h, ATF4 and 
phosphorylated elF2c< were analyzed using western blot in HepG2 cells. (D) After treated with PF-4708671 (PF, 10 pM) and 4EGI-1 (50 pM) for 48 h, 
GRP78 and ATF4 in QBC939, RBE and HCCC-9810 cells were analyzed using western blot. (E) QBC939, RBE and HCCC-9810 cells were treated with 
rapamycin (Rap, 20 nM) for 12 h, and ATF4 and GRP78 mRNA levels were analyzed using real-time RT-PCR. Values are means±S.D. Columns, mean of 
three individual experiments; bars, SD. "Significantly different from control value. 
doi:1 0.1 371 /journal.pone.0090388.g007 



PLOS ONE | www.plosone.org 



7 



February 2014 | Volume 9 | Issue 2 | e90388 



JNK Sustains High Expression of GRP78 



initiation factor 4G (eIF4E/eIF4G) interaction inhibitor 4EGI-1 
decreased the protein levels of ATF4 and GRP78. It is notable that 
p70S6K inhibitor PF-4708671, which had no demonstrable effects 
on ATF4 and GRP78 accumulation, enhanced the decreasing of 
ATF4 and GRP78 in 4EGI- 1 -treated QBC939, RBE and HCCC- 
9810 cells (Figure 7D). Additionally, mTOR inhibition had no 
demonstrable effects on ATF4 mRNA levels (Figure 7E). Con- 
versely, mTOR inhibition obviously decreased the mRNA levels of 
GRP78 (Figure 7E). These results indicate that mTOR controls 
eIF2ot-initiated GRP78 induction through regulating ATF4 
synthesis in human CCA cells. 

As the PI3K/Akt pathway plays critical roles in regulating the 
activity of mTOR [49], we examined the effects of PI3K inhibition 
on eIF2ot-induced ATF4 and GRP78 accumulation. As shown in 
Figure S2, PI3K inhibitor LY2940012 not only blocked the 
activity of mTOR but also inhibited the expression of ATF4 and 
GRP78 without affecting the phosphorylation of eIF2oc in human 
CCA cells. These data support the notion that mTOR signaling is 
required for eIF2ot-induced ATF4 and GRP78 accumulation. 

Expression of GRP78 and phosphorylated JNK in human 
CCA 

To investigate whether JNK and GRP78 are involved in the 
progression of human cholangiocarcinoma, we examined the 
expression of GRP78 and phosphorylated JNK in human 
cholangiocarcinoma cases. As shown in Figure 8A, the expression 
of GRP78 and phosphorylated JNK was detected in human 
cholangiocarcinoma tissues, indicating that the JNK pathway and 
GRP78 are involved in the progression of human cholangiocarci- 
noma. Further studies are needed to investigate the association 
between JNK and GRP78 in human cholangiocarcinoma cases. 

Discussion 

The inflammatory response pathways, including interleukin 6 
(IL-6) and p38 MAPK pathways are implicated in the carcino- 
genesis and progression of CCA [7,50,51,52,53,54]. However, the 
roles of the JNK pathway, another important pathway of 
inflammatory response [24,32,55], in CCA are remain unknown. 



The present work reveals that GRP78 contributes to the oncogenic 
action of JNK in human CCA cells. 

GRP78 has been reported to be associated with a wide variety 
of human malignancies, such as prostate, liver and breast cancer 
[15,17,40,56,57,58,59]. However, it is unknown whether GRP78 
is involved in the progression of CCA. Importantly, both human 
CCA cells and CCA tissues showed strong expression of GRP78. 
Based on the data that suppression GRP78 by siRNA inhibited the 
proliferation and invasion of human CCA cells, we suggest GRP78 
exerts pro-tumorigenic action in human CCA. As the accumula- 
tion of GRP78 is a classic indicator of the onset of UPR [10,1 1], it 
is interesting to investigate whether GRP78 accumulation is 
caused by UPR in human CCA cells. As the splicing of XBP1 
mRNA, another well-known biomarker of UPR [41], can't be 
detected in human CCA cells, it's reasonable to suggest that the 
accumulation of GRP78 is not caused by UPR in human CCA 
cells. Interestingly, human CCA cells showed high levels of 
phosphorlated eIF2ot and its downstream target ATF4. Because 
the eIF2ot/ATF4 pathway can induce GRP78 expression without 
the onset of UPR [42], it is reasonable to suggest that eIF2a/ 
ATF4 signaling is responsible for the accumulation of GRP78 in 
human CCA cells. This speculation is supported by our data 
which demonstrated that ATF4 knockdown obviously decreased 
the accumulation of GRP78 in human CCA cells. 

Our data show that both human CCA cells and CCA tissues 
display strong activity of JNK. Based on the data that blocking 
JNK by SP600125 inhibited the proliferation and invasion of 
human CCA cells, we suggest that JNK promotes the carcino- 
genesis and progression of CCA. An important question now 
before us is how JNK exerts its oncogenic potential in human 
CCA cells. Our data showed that blocking the activity or 
suppression the expression of JNK obviously decreased the levels 
of GRP78 in human CCA cells. As our data demonstrated that 
GRP78 is involved in the progression of human CCA, it is 
reasonable to suggest that JNK exerts its pro-tumorigenic effects, at 
least in part, through GRP78 signaling. Considering the accumu- 
lation of GRP78 is eIF2a/ATF4-dependent in human CCA cells, 
we investigated the role of JNK in regulating the specific inhibitor 
of eIF2ot phosphatase enzymes salubrinal-mediated GRP78 




Figure 8. Expression of GRP78 and phosphorylated JNK in human CCA. (A) GRP78 and phosphorylated JNK in human CCA were analyzed 
using immunohistochemistry. (B) Summary of experimental findings. In human CCA cells, the phosphorylation of elF2ot initiates ATF4 expression, 
which then induces GRP78 accumulation. GRP78 plays an important role in promoting human CCA cells proliferation and invasion. Suppression of 
mTOR inhibits elF2oc-induced ATF4 expression, which leads to a decrease in GRP78 levels. JNK blocking decreases GRP78 levels through inhibiting the 
activity of mTOR. Similarly, PI3K/Akt blocking decreases GRP78 levels through inhibiting the activity of mTOR. 
doi:1 0.1 371 /journal.pone.0090388.g008 
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induction in HepG2 cells. As expect, JNK inhibition decreased the 
induction of GRP78 in HepG2 cells upon salubrinal treatment. 
However, JNK inhibition had no demonstrable effects on UPR- 
mediated GRP78 induction in HepG2 cells. Thus, JNK signaling 
regulates eIF2oc/ATF4-initiated GRP78 accumulation, but not 
UPR-induced GRP78 expression. 

In order to uncover the detailed mechanism of JNK in 
regulating GRP78 accumulation, we investigated the effects of 
JNK inhibition on the eIF2a/ATF4 pathway. Based on our 
findings, we proposed that JNK regulates ATF4 expression 
without affecting the phosphorylation of eIF2a in human CCA 
cells. Considering the mTOR pathway, which can be regulated by 
JNK, plays a pivotal role in protein synthesis [47,48], we suspected 
that JNK might decrease eIF2a-induced ATF4 and GRP78 
expression through the mTOR pathway. This hypothesis was 
supported by the data that JNK inhibition decreased the activity of 
mTOR, and mTOR inhibition suppressed eIF2a-initiated ATF4 
and GRP78 induction. In agreement with previous reports 
[45,46], we found that JNK promoted the activation of mTOR 
signaling through Raptor. It is notable that mTOR inhibition 
decreased the induction of ATF4 and GRP78 in HepG2 cells 
upon salubrinal treatment. However, mTOR inhibition had no 
demonstrable effects on UPR-initiated GRP78 induction in 
HepG2 cells. Thus, mTOR signaling is required for eIF2ot- 
initiated GRP78 accumulation, but is not required for UPR- 
induced GRP78 expression. The detailed mechanism for this 
difference is not clear and needs further research. As p70S6K and 
4E-BP 1 , two downstream targets of mTOR, are responsible for 
mTOR-controled protein synthesis, we focused on the role of 
p70S6K and 4E-BP1 in eIF2a-initiated ATF4 and GRP78 
induction. Inhibiting eIF4E/eIF4G interaction substantially de- 
creased ATF4 and GRP78 accumulation. The inhibitor of 
p70S6K alone had no appreciable effects on ATF4 and GRP78 
accumulation, but the synergistic effect of p70S6K inhibition on 
eIF4E/eIF4G interaction inhibition-mediated ATF4 and GRP78 
down-regulation was observed. Our data suggest that JNK 
contributes to ATF4 and GRP78 accumulation through regulating 
mTOR-mediated ATF4 synthesis. This notion is supported by the 

References 

1. dc Grocn PC, Gores GJ, LaRusso NF, Gundcrson LL, Nagorncy DM (1999) 
Biliary tract cancers. N Engl J Med 341: 1368-1378. 

2. Olnes MJ, Erlich R (2004) A review and update on cholangiocarcinoma. 
Oncology 66: 167-179. 

3. Patcl T (2006) Cholangiocarcinoma. Nat Clin Pract Gastroenterol Hepatol 3: 
33-42. 

4. Huang GL, Luo Q, Rui G, Zhang W, Zhang QY, et al. (2013) Oncogenic 
activity of retinoic acid receptor gamma is exhibited through activation of the 
Akt/NF-kappaB and Wnt/bcta-catcnin pathways in cholangiocarcinoma. Mol 
Cell Biol 33: 3416-3425. 

5. Han C, Wu T (2005) Cyclooxygenase-2-dcrived prostaglandin E2 promotes 
human cholangiocarcinoma cell growth and invasion through EP1 receptor- 
mediated activation of the epidermal growth factor receptor and Akt. J Biol 
Chem 280: 24053-24063. 

6. Wchbc H, Hcnson R, Mcng F, Mizc-Bcrgc J, Patcl T (2006) Intcrleukin-6 
contributes to growth in cholangiocarcinoma cells by aberrant promoter 
methylation and gene expression. Cancer Res 66: 10517—10524. 

7. Dai R, Li J, Fu J, Chen Y, Wang R, et al. (2012) The tyrosine kinase c-Met 
contributes to the pro-tumorigenic function of the p38 kinase in human bile duct 
cholangiocarcinoma cells. J Biol Chem 287: 39812-39823. 

8. Lcyva-Illadcs D, McMillin M, Quinn M, Demorrow S (2012) Cholangiocarci- 
noma pathogenesis: Role of the tumor mieroenvironment. Transl Gastrointest 
Cancer 1: 71-80. 

9. Lee AS (2001) The glucose-regulated proteins: stress induction and clinical 
applications. Trends Biochcm Sci 26: 504-510. 

10. Hendershot LM (2004) The ER function BiP is a master regulator of ER 
function. Mt SinaiJ Med 71: 289-297. 

11. Lee AS (2005) The ER chaperone and signaling regulator GRP78/BiP as a 
monitor of endoplasmic reticulum stress. Methods 35: 373-381. 



data that mTOR inhibition suppressed ATF4 expression without 
affecting its mRNA levels. The role of mTOR in regulating the 
eIF2a/ATF4/GRP78 pathway was further supported by the 
finding that the PI3K/Akt blocking-mediated mTOR inhibition 
suppressed ATF4 and GRP78 expression upon eIF2a phosphor- 
ylation. 

In conclusion, we found that GRP78 contributes to the pro- 
tumorigenic function of JNK in human CCA cells. High levels of 
phosphorylated JNK and GRP78 are found in human CCA cells 
and CCA tissues. Both JNK and GRP78 have a vital function in 
promoting the proliferation and invasion of human CCA cells. 
JNK sustains high levels of GRP78 through mTOR/p70S6K/4E- 
BP1 signaling in human CCA cells (Figure 8B). More detailed 
studies on the mechanism of JNK aberrant activation and GRP78 
aberrant accumulation in CCA will contribute to the understand- 
ing of molecular mechanism of cholangiocarcinogenesis and the 
development of new therapeutic strategies against CCA. 

Supporting Information 

Figure SI AP-1 has no effects on eIF2ot-initiated GRP78 
accumulation in human CCA cells. After treated with AP-1 
inhibitor curcumin (25 uM) for 48 h, GRP78 in QBC939, RBE 
and HCCC-9810 cells was analyzed using western blot. 
(TIF) 

Figure S2 PI3K/Akt blocking-mediated mTOR inhibition 
suppresses ATF4 and GRP78 expression in human CCA cells. 
After treated with LY294002 (LY, 20 uM) for 48 h, GRP78, 
ATF4 and phosphorylated eIF2a in QBC939, RBE and HCCC- 
9810 cells were analyzed using western blot. 
(TIF) 

Author Contributions 

Conceived and designed the experiments: RYD XMX. Performed the 
experiments: CHF KH GYZ SS BL YXL RC CYD SKC. Analyzed the 
data: CHF KH CYZ MW HL RYD XMX. Contributed reagents/ 
materials/analysis tools: RC YPL. Wrote the paper: RYD XMX HL. 



12. Zhang Y, Liu R, Ni M, Gill P, Lee AS (2010) Cell surface relocalization of the 
endoplasmic reticulum chaperone and unfolded protein response regulator 
GRP78/BiP. J Biol Chem 285: 15065-15075. 

13. Li J, Ni M, Lec B, Barron E, Hinton DR, et al. (2008) The unfolded protein 
response regulator GRP78/BiP is required for endoplasmic reticulum integrity 
and stress-induced autophagy in mammalian cells. Cell Death Differ 15: 1460- 
1471. 

14. Yang YC, Fu HC, Hsiao BL, Sobue G, Adachi H, ct al. (2013) Androgen 
receptor inclusions acquire GRP78/BiP to ameliorate androgen-induced protein 
misfolding stress in embryonic stem cells. Cell Death Dis 4: e607. 

15. Bennett HL, Fleming JT, O'PrcyJ, Ryan KM, Leung HY (2010) Androgens 
modulate autophagy and cell death via regulation of the endoplasmic reticulum 
chaperone glucose-regulated protein 78/BiP in prostate cancer cells. Cell Death 
Dis 1: e72. 

16. Firczuk M, Gabrysiak M, Barankiewicz J, Domagala A, Nowis D, ct al. (2013) 
GRP78-targcting subtilase cytotoxin sensitizes cancer cells to photodynamic 
therapy. Cell Death Dis 4: e741. 

17. LiJ, Lee AS (2006) Stress induction of GRP78/BiP and its role in cancer. Curr 
Mol Med 6: 45-54. 

18. Wang C, Jiang K, Gao D, Rang X, Sun C, ct al. (2013) Clustcrin protects 
hepatocellular carcinoma cells from endoplasmic reticulum stress induced 
apoptosis through GRP78. PLoS One 8: c55981. 

19. Misra UK, Pizzo SV (2012) Receptor-recognized alpha(2)-macroglobulin binds 
to cell surface-associated GRP78 and activates mTORCl and mTORC2 
signaling in prostate cancer cells. PLoS One 7: e51735. 

20. Zhang Y, Tseng CC, Tsai YL, Fu X, Schiff R ct al. (2013) Cancer Cells 
Resistant to Therapy Promote Cell Surface Relocalization of GRP78 Which 
Complexes with PI3K and Enhances PI(3,4,5)P3 Production. PLoS One 8: 
e80071. 



PLOS ONE | www.plosone.org 



9 



February 2014 | Volume 9 | Issue 2 | e90388 



JNK Sustains High Expression of GRP78 



21. Wang M, Wcy S, Zhang Y, Ye R, Lee AS (2009) Role of the unfolded protein 
response regulator GRP78/BiP in development, eancer, and neurological 
disorders. Antioxid Redox Signal 1 1: 2307-2316. 

22. Dong D, Stapleton G, Luo B, Xiong S, Ye W, et al. (201 1) A critical role for 
GRP78/BiP in the tumor microenvironmcnt for neovascularization during 
tumor growth and metastasis. Cancer Res 71: 2848-2857. 

23. Barr RK, Bogoyeviteh MA (2001) The c-Jun N-terminal protein kinase family of 
mitogen-activatcd protein kinases (JNK MAPKs). Int J Biochem Cell Biol 33: 
1047-1063. 

24. Ip YT, Davis RJ (1998) Signal transduction by the c-Jun N-terminal kinase 
(JNK) — from inflammation to development. Gurr Opin Cell Biol 10: 205-219. 

25. Raciti M, Lotti LV, Valia S, Pulcinelli FM, Di Renzo L (2012)JNK2 is activated 
during ER stress and promotes cell survival. Cell Death Dis 3: c429. 

26. Lam D, Shah S, de Castro IP, Loh SH, Martins LM (2010) Drosophila 
happyhour modulates JNK-dcpendcnt apoptosis. Cell Death Dis 1: e66. 

27. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, et al. (2000) Coupling of 
stress in the ER to activation of JNK protein kinases by transmembrane protein 
kinase IRE1. Science 287: 664-666. 

28. Kato H, Nakajima S, Saito Y, Takahashi S, Katoh R, et al. (2012) mTORCl 
serves ER stress-triggered apoptosis via selective activation of the IRE 1 -JNK 
pathway. Cell Death Differ 19: 310-320. 

29. Cargnello M, Tchcrkczian J, DornJF, Huttlin EL, Maddox PS, et al. (2012) 
Phosphorylation of the eukaryotic translation initiation factor 4E-transportcr 
(4E-T) by c-Jun N-tcrminal kinase promotes stress-dependent P-body assembly. 
Mol Cell Biol 32: 4572-4584. 

30. Clarke M, Pentz R, BobynJ, Hayley S (2012) Stressor-like effects of e-Jun N- 
terminal kinase (JNK) inhibition. PLoS One 7: c44073. 

31. Quintanilla RA, GodoyJA, Alfaro I, Cabezas D, von Bernhardi R, et al. (2013) 
Thiazolidincdioncs promote axonal growth through the activation of the JNK 
pathway. PLoS One 8: c65140. 

32. Wagner EF, Nebreda AR (2009) Signal integration by JNK and p38 MAPK 
pathways in cancer development. Nat Rev Cancer 9: 537—549. 

33. Dhanasekaran DN, Reddy EP (2008) JNK signaling in apoptosis. Oncogene 27: 
6245-6251. 

34. Taylor CA, Zheng Q, Liu Z, Thompson JE (2013) Role of p38 and JNK MAPK 
signaling pathways and tumor suppressor p53 on induction of apoptosis in 
response to Ad-eIF5Al in A549 lung cancer cells. Mol Cancer 12: 35. 

35. Kim AD, Kang KA, Kim HS, Kim DH, Choi YH, et al. (2013) A ginseng 
metabolite, compound K, induces autophagy and apoptosis via generation of 
reactive oxygen species and activation of JNK in human colon cancer cells. Cell 
Death Dis 4: c750. 

36. Mingo-Sion AM, Marietta PM, Koller E, Wolf DM, Van Den Berg CL (2004) 
Inhibition of JNK reduces G2/M transit independent of p53, leading to 
endoreduplication, decreased proliferation, and apoptosis in breast cancer cells. 
Oncogene 23: 596-604. 

37. Vivanco I, Palaskas N, Tran G, Finn SP, Gctz G, ct al. (2007) Identification of 
the JNK signaling pathway as a functional target of the tumor suppressor PTEN. 
Cancer Cell 11: 555-569. 

38. Lin Y, Zhang B, Liang H, Lu Y, Ai X, et al. (2013) JNK inhibitor SP600125 
enhances TGEbctainduccd apoptosis of" RBE human cholangiocarcinoma cells 
in a Smaddepcndcnt manner. Mol Med Rep 8: 1623-1629. 

39. Dai R, Li J, FuJ, Chen Y, Yu L, ct al. (2012) Disturbance of Ca2+ homeostasis 
converts pro-Met into non-canonical tyrosine kinase plOOMctNG in response to 
endoplasmic reticulum stress in MHCC97 cells. J Biol Chem 287: 14586-14597. 

40. Dai RY, Chen Y, Fu J, Dong LW, Ren YB, et al. (2009) p28GANK inhibits 
endoplasmic reticulum stress-induced cell death via enhancement of the 
endoplasmic reticulum adaptive capacity. Cell Res 19: 1243-1257. 



41. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K (2001) XBP1 mRNA is 
induced by ATF6 and spliced by IRE1 in response to ER stress to produce a 
highly active transcription factor. Cell 107: 881-891. 

42. Luo S, Baumeister P, Yang S, Abcouwcr SF, Lee AS (2003) Induction of Grp78/ 
BiP by translational block: activation of the Grp78 promoter by ATF4 through 
and upstream ATF/CRE site independent of the endoplasmic reticulum stress 
elements. J Biol Chcm 278: 37375-37385. 

43. Shinkai Y, Yamamoto C, Kaji T (2010) Lead induces the expression of 
endoplasmic reticulum chaperones GRP78 and GRP94 in vascular endothelial 
cells via theJNK-AP-1 pathway. Toxicol Sci 114: 378-386. 

44. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and 
disease. Cell 149: 274-293. 

45. Kwak D, Choi S, Jeong H, JangJH, Lee Y, et al. (2012) Osmotic stress regulates 
mammalian target of rapamycin (mTOR) complex 1 via c-Jun N-tcrminal 
Kinase (JNK) -mediated Raptor protein phosphorylation. J Biol Chem 287: 
18398-18407. 

46. Fujishita T, Aoki M, Taketo MM (2011) JNK signaling promotes intestinal 
tumorigencsis through activation of mTOR complex 1 in Apc(Dclta716) mice. 
Gastroenterology 140: 1556-1563 el556. 

47. Ng TL, Leprivicr G, Robertson MD, Chow C, Martin MJ, et al. (2012) The 
AMPK stress response pathway mediates anoikis resistance through inhibition of 
mTOR and suppression of protein synthesis. Cell Death Differ 19: 501-510. 

48. Wang X, Proud CG (2006) The mTOR pathway in the control of protein 
synthesis. Physiology (Bethcsda) 21: 362-369. 

49. HuangJ, Manning BD (2009) A complex interplay between Akt, TSC2 and the 
two mTOR complexes. Biochem Soc Trans 37: 217—222. 

50. Tan FL, Ooi A, Huang D, WongJC, Qian CN, et al. (2010) p38delta/MAPK13 
as a diagnostic marker for cholangiocarcinoma and its involvement in cell 
motility and invasion. Int J Cancer 126: 2353-2361. 

51. Meng F, Yamagiwa Y, Ucno Y, Patel T (2006) Over-expression of intcrleukin-6 
enhances cell survival and transformed cell growth in human malignant 
cholangiocytes. J Hepatol 44: 1055-1065. 

52. Yamagiwa Y, Marienfeld C, Tadlock L, Patel T (2003) Translational regulation 
by p38 mitogen-activatcd protein kinase signaling during human cholangio- 
carcinoma growth. Hcpatology 38: 158—166. 

53. Tadlock L, Patel T (2001) Involvement of p38 mitogen-activatcd protein kinase 
signaling in transformed growth of a cholangiocarcinoma cell line. Hcpatology 
33: 43-51. 

54. An F, Yamanaka S, Allen S, Roberts LR, Gores GJ, et al. (2012) Silencing of 
miR-370 in human cholangiocarcinoma by allelic loss and intcrleukin-6 induced 
maternal to paternal cpigenotype switch. PLoS One 7: c45606. 

55. Ki YW, ParkJH, Lee JE, Shin IC, Koh HC (2013) JNK and p38 MAPK 
regulate oxidative stress and the inflammatory response in chlorpyrifos-induced 
apoptosis. Toxicol Lett 218: 235-245. 

56. Lee AS (2007) GRP78 induction in cancer: therapeutic and prognostic 
implications. Cancer Res 67: 3496—3499. 

57. Su R, Li Z, Li H, Song H, Bao G, et al. (2010) Grp78 promotes the invasion of 
hepatocellular carcinoma. BMC Cancer 10: 20. 

58. Lee E, Nichols P, Groshcn S, Spicer D, Lcc AS (2011) GRP78 as potential 
predictor for breast cancer response to adjuvant taxane therapy. Int J Cancer 
128: 726-731. 

59. Li M, Wang J, Jing J, Hua H, Luo T, ct al. (2009) Synergistic promotion of 
breast cancer cells death by targeting molecular chapcronc GRP78 and heat 
shock protein 70. J Cell Mol Med 13: 4540-4550. 



PLOS ONE | www.plosone.org 



10 



February 2014 | Volume 9 | Issue 2 | e90388 



